IN THE ACCOMPANYING ARTICLE (38) , we carried out comprehensive proteomic profiling of a vasopressin-sensitive mouse collecting duct cell line, mpkCCD-clone 11. The mpkCCD collecting duct cell line has been an important tool in the study of vasopressin-mediated regulation of the water channel aquaporin-2 (AQP2) (10, 20) . The new proteomic data provide a "parts list" for these cells, which can be used as a tool in experimental design. In the accompanying article, for each protein identified, we also provided "virtual Western blots," which map all identified peptides to positions in the SDSpolyacrylamide gels used to fractionate the proteins. The mapping provides comprehensive molecular weight information for all identified proteins, which we analyzed with respect to mechanisms involved in production of larger-or smaller-thanpredicted proteins. An example is the water channel AQP2, which was found to have a previously undocumented "small" isoform of molecular mass Ͻ20 kDa.
The purpose of this study is to use the comprehensive data set from the accompanying article (38) to ask critical questions about the nature of vasopressin-stimulated signaling in mpkCCD cells. Signaling in all cell types is mediated by a limited number of processes that can be quantified by protein mass spectrometry, chiefly, 1) changes in the cellular abundances of individual proteins, 2) changes in posttranslational modifications of individual proteins, 3) changes in the subcellular distribution (translocation) of individual proteins, and 4) changes in binding interactions of proteins with other proteins, lipids, or nucleic acids. In our previous studies we used quantitative protein mass spectrometry to carry out proteome-wide profiling of vasopressin's effects on two of these processes in mpkCCD cells: 1) changes in individual protein abundances (18, 30) and 2) changes in posttranslational modifications, specifically phosphorylation events (4, 27) . Among the phosphorylation sites regulated by vasopressin are four sites in the COOHterminal tail (Ser 256 , Ser 261 , Ser 264 , and Ser 269 ) that are believed to play roles in regulated trafficking of AQP2 (8, 9, (12) (13) (14) 22) . In addition, we have carried out nuclear proteomics to identify proteins that move into or out of the nucleus in response to vasopressin (32) . Here we use data from the accompanying article to characterize the five fractions profiled, the 1,000-g pellet (1K), the 4,000-g pellet (4K), the 17,000-g pellet (17K), the 200,000-g pellet (200Kp), and the 200,000-g supernatant (200Ks), with regard to the cellular components they contain. We then use the quantitative data to ask whether specific groups of proteins appear to undergo translocation among the five fractions profiled. We used stable isotope labeling by amino acids in cell culture (SILAC) (26) for quantitative comparison of abundances of individual proteins in vasopressin-vs. vehicle-treated cells. Analysis of the data identified several protein complexes that appear to translocate from one fraction to another in response to vasopressin.
We also use the data set from the accompanying article (38) to address another question relevant to vasopressin signaling: What protein kinases among the Ͼ500 kinases coded by the genome (7) are most likely to play roles in vasopressin-induced phosphorylation changes that were identified in prior studies (4, 27 )? This analysis is based on the simple concept that, for a given kinase to phosphorylate a given substrate, the kinase and substrate must be present in the same location in the cell. Thus, by co-clustering the distributions of kinases and substrates among the five differential-centrifugation (DC) fractions studied, we obtain information about the likelihood that a given kinase and a given substrate interact in the cell. These data are used to rank all kinases, based on application of Bayes' rule, with regard to whether they are likely to phosphorylate the vasopressin-regulated water channel AQP2.
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METHODS
Western blotting. Western blotting was carried out as described elsewhere (4) using DC fractions obtained as described in the accompanying article (38) . Briefly, after solubilization in Laemmli buffer, mpkCCD protein samples (20 g per lane) were resolved by SDS-PAGE using precast polyacrylamide gels (Any-kD TGX Gel, BioRad, Hercules, CA) at 200 V for 45 min and transferred electrophoretically onto nitrocellulose membranes at 70 V for 60 min. The membranes were then blocked with Odyssey blocking buffer (LI-COR, Lincoln, NE), rinsed, and probed with primary antibody (rabbit anti-mouse AQP2; catalog no. NB110-74682, Novus) overnight at 4°C. The blots were washed and then incubated for 1 h with a fluorescently labeled goat anti-rabbit secondary antibody (IRDye 680RD, LI-COR). Fluorescence was imaged and quantified using the LI-COR Odyssey imaging system. Equal loading between vehicleand vasopressin-treated samples from the same fraction was confirmed by staining an identically loaded gel run in parallel with Coomassie blue dye (Imperial protein stain, catalog no. 24615, Thermo Scientific) and imaging with the LI-COR imaging system.
Mass spectrometry. The data analyzed in this study were from the quantitative protein mass spectrometry experiments described in the accompanying article (38 ]lysine), allowing the mass spectrometer to read out the relative amounts of the heavy and light versions of the same peptide (26) . The cells labeled with the heavy amino acids were treated with 0.1 nM 1-desamino-8-D-arginine-vasopressin (dDAVP) for 30 min, and the cells labeled with the light amino acids were treated with vehicle. dDAVP-and vehicle-treated samples were combined 1:1, subjected to DC, and analyzed by liquid chromatography-tandem mass spectrometry, yielding dDAVP-to-control abundance ratios for all proteins in all DC fractions. For further analysis, we used the median of dDAVP-to-control abundance ratios that mapped to the same protein. For bioinformatic analysis, we used the data set reported at https://helixweb.nih.gov/ESBL/Database/mpkFractions/proteomic_frac-tions_linear.html.
Gene/protein enrichment analysis: Gene Ontology Cellular Component terms in each DC fraction. Gene Ontology (GO) Cellular Component terms for each protein were assigned using Automated Bioinformatics Extractor (ABE; http://helixweb.nih.gov/ESBL/ ABE/). Enrichment for an individual GO term in a given DC fraction was calculated as the ratio of the percentage of proteins with that term in the DC fraction to the percentage in the entire data set.
Identification of proteins that change reciprocally in two or more fractions. The change in abundance of each protein in each fraction D ij (where i indicates the protein and j the fraction) was calculated from the SILAC data. These values can be recapitulated from the data shown at https://helixweb.nih.gov/ESBL/Database/mpkFractions/ proteomic_fractions_linear.html from the abundance of each protein in each fraction under the control condition (a ij) and the median dDAVP-to-control abundance ratio (rij) as:
Thus, increases in a protein in a fraction are represented by positive values and decreases by negative values. (Since the values are derived from the area under the curve of ion currents from the MS1 vs. time plot, the units are nanocoulombs, although the values can best be thought of as being proportional to molecular abundance.) To identify proteins that may show reciprocal changes in two or more fractions, for further analysis, we selected the proteins that satisfied the following condition (27) . Relative abundance values for kinases and potential target proteins were co-clustered by hierarchical clustering using R (Heatmap2 package). Overlap between kinases and possible substrates was quantified by forming the dot product across all fractions j, namely, ⌺(a kjasj) over all j, where akj is the abundance for a given kinase k in fraction j and asj is the abundance value for a given substrate s in fraction j. A higher value for dot product implies a greater colocalization.
Large-scale data integration using Bayes' rule. We used colocalization information from the present study integrated with previously published data to identify protein kinases most likely to phosphorylate AQP2 at Ser 256 and Ser 261 . We employed Bayes' rule to integrate the new data with prior information as described by Bradford et al. (6) . We define Ai as phosphorylation of AQP2 at the indicated site by kinase i. Then, for each kinase i
where P i(Ai) is the prior probability of Ai (before integration of the new data), and Pi(Ai|new data) is the probability of Ai updated by the new data. Pi(Bi) is the probability of Bi, and ⌺Pi(Bi) is the sum of probabilities of Bi over all i. At each stage of the calculation, Bi represents a new element of information about kinase i (see specific data elements in the following paragraph).
We began with a list of all 521 protein kinases in the mouse genome extracted from the UniProt/Swiss-Prot Protein Knowledgebase (http://www.uniprot.org/docs/pkinfam), giving each an equal prior probability P(A) of 1/521. We then sequentially calculated revised probabilities using the following data sets: 1) transcriptomic data from Affymetrix microarrays in mpkCCD cells (39) (B i ϭ kinase i mRNA expressed), 2) proteomic data from mpkCCD cells (18) (Bi ϭ kinase i protein expressed), 3) data describing target specificities of individual protein kinase classes (7) (Bi ϭ kinase i recognizes the amino acid sequence surrounding the phosphorylated amino acid), and 4) evidence for regulation by vasopressin (6, 31) (Bi ϭ kinase i known to be regulated by vasopressin). In the final step, Bi ϭ kinase i colocalizes with AQP2, allowing the colocalization data (dot products) to be used to estimate the final Bayes' probabilities for each kinase i.
RESULTS AND DISCUSSION
Distribution of subcellular marker proteins among DC fractions.
Before analysis of the proteomic data to identify protein groups that may translocate between fractions in response to vasopressin, it is pertinent to ask what structures are present in each fraction. Classically, the individual DC fractions that we analyzed in this study have been associated with particular elements of the cell (21, 25, 34) . For example, the following rough associations are commonly made [summarized by Sachs et al. (29) ]: the 1K fraction (unbroken cells and intact nuclei), the 4K fraction (mitochondria), the 17K fraction (endoplasmic reticulum, Golgi, endosomes, and plasma membrane), the 200Kp fraction (small intracellular vesicles and multiprotein complexes in cytoplasm, such as ribosomes and proteasomes), and the 200Ks fraction (cytosol). These expectations can be compared with an analysis of GO Cellular Component terms enriched in the various fractions (Fig. 1 ). In Fig. 1 , the individual bars show the frequency of gene symbols associated with a given GO Cellular Component term normalized by the frequency of that term among all fractions taken together. Overall, the distribution of these terms among fractions is roughly compatible with the view summarized above, although there is a considerable overlap among fractions. Mitochondria appear to be relatively excluded from the 17K, 200Kp, and 200Ks fractions; endosomes appear to be relatively excluded from the 1K fraction; the endoplasmic reticulum appears to be relatively excluded from the 200Kp and 200Ks fractions; and the ribosome appears to be relatively excluded from the 200Ks fraction. Data for all proteins are made available as a publically accessible webpage (https://helixweb.nih. gov/ESBL/Database/mpkFractions/). Raw files, search results, and all spectra have been uploaded to PRIDE (http://www.ebi. ac.uk/pride/archive/; accession no. PXD002434).
The considerable overlap among fractions is further supported when typical markers for subcellular structures and organelles are mapped to the fractions (Fig. 2) . Although the 200Ks fraction is relatively homogeneous (chiefly cytosolic proteins), the 200Kp fraction is heterogeneous and contains various multiprotein complexes, including ribosomes and proteasomes, as well as small intracellular membrane vesicles. The 17K fraction is also heterogeneous and contains not only proteins present predominantly in the plasma membrane, but also proteins characteristic of endoplasmic reticulum, Golgi apparatus, lysosomes, and endosomes. The 4K and 1K fractions are even more heterogeneous and contain mitochondrial and nuclear markers, as well as markers from various mem- brane structures. Interestingly, distribution of basolateral plasma membrane proteins (Atp1a1 and Cdh16) is different from distribution of apical plasma membrane proteins (Stx4a and Aqp2) and junctional proteins (Cldn4 and Crb3). Specifically, basolateral markers were predominant in the 1K fraction, while the apical and junctional markers were predominant in the 17K fraction (Fig. 2) . We propose that the presence of basolateral plasma membrane markers in the 1K fraction is due to incomplete dissociation from basement membrane fragments, which are likely to be relatively dense. This observation could be useful in predicting the location of other plasma membrane proteins.
Vasopressin-mediated redistribution of protein complexes. Previous studies using DC protocols similar to that used in this study have demonstrated in native collecting ducts that vasopressin triggers a shift in the subcellular distribution of AQP2, with a decrease in the 200Kp fraction and a concomitant increase in the 17K fraction (21) . These studies are consistent with results involving electron microscopy (24, 37) and light microscopy (28, 37) that have shown that vasopressin increases the water permeability of collecting duct cells by triggering the translocation of AQP2-containing intracellular vesicles to fuse with the apical plasma membrane. To ensure that the mpkCCD cells used in this study respond to vasopressin in the same way, we carried out Western blotting of AQP2 in the fractions (Fig.  3A) , which showed the expected shift (decrease in the 200Kp fraction and increase in the 17K fraction). We used SILAC quantification in the current experiments to identify and quantify changes in AQP2 and other proteins in the five DC fractions following addition of dDAVP [see accompanying article (38) for details]. As illustrated in Fig. 3B , the mass spectrometry experiments also showed a selective shift in AQP2 from the 200Kp to the 17K fraction, similar to the shift shown by Western blotting. Although a similar shift was seen for the two Na-K-ATPase subunits (Atp1a1 and Atp1b1), no redistribution was demonstrable for other integral membrane proteins. These data show therefore that quantitative mass spectrometry can be successfully used to detect shifts in particular proteins between subcellular fractions. Then we asked the following question: "Do other proteins undergo translocation?"
Our strategy was to use the data from SILAC quantification to identify coordinated changes in specific groups of related proteins, especially components of large multiprotein complexes. Figure 4 shows specific groups of proteins (classified according to GO Cellular Component terms or PANTHER molecular function terms) whose members were increased or decreased in specific fractions out of proportion to the general population of proteins. We used the Benjamini-Hochberg test to account for multiple testing, reporting fractional false discovery rate (P). Standing out in Fig. 4 are two groups defined by the GO term "ribosome" [increased in the 17K fraction (P ϭ 2.4 ϫ 10 Ϫ35 ) and decreased in the 200Kp fraction (P ϭ 1.7 ϫ 10 The reasons for these extremely low P values can be seen when the changes in individual proteins that make up these two populations are viewed using heat-map visualizations (Figs. 5 and 6) . Figure 5 shows all the proteins with the GO classifier ribosome (Fig. 5, left) compared with the components of several other multiprotein complexes involved in protein production and degradation in cells (Fig. 5, right) . Note that virtually all proteins with the ribosome classifier (n ϭ 65) show the same pattern, with a decrease in the 200Kp fraction and an increase in the 17K fraction. (Note: components of the mitochondrial ribosome were not included in this group and do not Fig. 4 . Protein populations that show reciprocal abundance changes in DC fractions in response to dDAVP. Proteins from https://helixweb.nih.gov/ESBL/Database/ mpkFractions/ were aggregated into specific subpopulations based on GO Cellular Component terms or PANTHER molecular function terms. Change in abundance was calculated for each protein in each subpopulation using SILAC quantification data. Proportion of positive values ("increased by dDAVP") or negative values ("decreased by dDAVP") was compared with proportion in full data set using the Benjamini-Hochberg algorithm. P values represent fractional false discovery rates. (See Supplemental Table S1 for full calculations.) Only representative values are shown; most subpopulations tested showed no change in proportion increased or decreased, i.e., P Ͼ 10 show this shift.) The most likely explanation for the shift in all ribosomal subunits is that fully assembled small (40S) and large (60S) ribosomal subunits are being assimilated into the rough endoplasmic reticulum in response to vasopressin. Such an explanation is consistent with the well-established view that integral membrane proteins are cotranslationally inserted into the endoplasmic reticulum, resulting in association of formerly free ribosomes with the rough endoplasmic reticulum (1, 16) . This response would be expected if vasopressin increases the translation of integral membrane proteins. Indeed, in mpkCCD cells, we have shown that vasopressin increases the translation rate of AQP2 (an extremely abundant integral membrane protein) by ϳ11-fold (30) . A study carrying out simultaneous quantitative proteomics and transcriptomics in mpkCCD cells showed that AQP2 is, by far, the largest responder to long-term vasopressin treatment, in terms of protein abundance and transcript abundance (18) . Thus the shift of ribosomes into the rough endoplasmic reticulum may simply be a consequence of increased transcription of the Aqp2 gene in response to vasopressin.
Among the other complexes shown in Fig. 5 , proteins that make up the eukaryotic translation initiation factor complex 3 (eIF3) were seen to undergo a shift similar to that for ribosomal proteins. The eIF3 complex interacts with the 40S subunit of the ribosome to facilitate loading of the initiator methionine-tRNA and, subsequently, to assist in recruiting mRNAs to the ribosome (11) . If the eIF3 complex is bound to ribosomes when they are recruited to the rough endoplasmic reticulum, the two complexes will presumably translocate as a unit, potentially explaining the similarity in their heat-map patterns. There is also evidence that eIF3 plays a role in STOP codon recognition (3), consistent with the idea that it remains bound to the ribosome throughout translational elongation. As seen in Fig. 5 , the components of several multiprotein complexes do not show systematic changes, thus providing a negative control for the apparent translocation of ribosomes and the eIF3 complex. The protein components of two complexes involved in protein degradation, however, seem to undergo a different shift, from the 200Ks fraction to the 200Kp fraction. These were proteins with the GO Cellular Component terms "signalosome" and "proteasome." The COP9 signalosome is a multiprotein complex that mediates deneddylation (removal of Nedd8) of a scaffold component (one or more cullin isoforms) of ring-finger E3 ubiquitinligase complexes (17) . A shift in COP9 signalosome subunits into the 200Kp fraction may be indicative of assembly of the complex or creation of a combined ubiquitin E3 ligase-signalosome complex in response to vasopressin. Either would tend to reduce the activity of the involved ubiquitin E3 ligases and stabilize proteins by reducing the rate of ubiquitylation. The proteasome is a multisubunit protease complex that is responsible for the degradation of cytosolic proteins. Appearance in the 200,000-g pellet in response to vasopressin may be indicative of assembly of additional proteasomal complexes. A number of proteins undergo changes in half-life in response to vasopressin (30) , and it is possible that the changes in stability are related to alterations in ubiquitylation via signalosome changes or in proteasomal activity. Figure 6 shows the dDAVP-induced changes in the relative abundances of proteins associated with the PANTHER molecular function term "small GTPase." Remarkably, all identified small GTPase proteins show decreases in the 17,000-g pellet. They can be divided into two groups based on whether there is a corresponding increase in the 200,000-g supernatant (Fig. 6,  left) or the 1,000-g pellet (Fig. 6, right) . Small GTPases are molecular switches that provide points of regulation. Many of them, including Rab proteins, Arf proteins, and dynamins, are involved in regulation of membrane trafficking (33) and, therefore, have relevance to the mechanism by which vasopressin regulates the trafficking of AQP2 in the collecting duct. For example, cAMP-induced redistribution of AQP2 to the plasma membrane depends on inhibition of Rho family proteins (35) . In previous studies, immunoisolation of AQP2-containing vesicles from rat inner medullary collecting duct cells followed by mass spectrometry identified a large number of small GTPbinding proteins in the Rab and Arf families with hypothetical roles in AQP2 trafficking (2) . The parallel movement of multiple small GTPase proteins out of the 17,000-g pellet implies a general mechanism of regulation such as activation of one or more GTPase-activating proteins, since small GTPase proteins, unlike the ribosomal subunits, probably do not form a single complex that would explain tandem movement.
Another protein group that undergoes a coordinated change in two fractions is defined by the GO Cellular Component term "clathrin coat" (Fig. 4) . This group consists of 10 proteins, including clathrin heavy chain (gene symbol Cltc) and several members of the AP-1 and AP-2 clathrin adaptor complexes (Ap1b1, Ap1g1, Ap1g2, Ap1m1, Ap1m2, Ap2a1, Ap2a2, Ap2b1, and Ap2m1). Each of these 10 proteins undergoes an increase in the 17,000-g pellet and a concomitant decrease in the 200,000-g supernatant in response to dDAVP. These clathrin adaptor complexes are responsible for recruitment of clathrin to the trans-Golgi complex and recycling endosomes (AP-1) and the plasma membrane (AP-2) as a prelude to vesicle budding (5) . Consequently, the demonstrated shift is consistent with organization of clathrin coats in trans-Golgi, recycling endosomes, and plasma membranes in response to vasopressin. The clathrin adaptor complexes are also responsible for recognition of cargo proteins through specific amino Note that virtually all small GTPase manifested negative abundance changes in the 17,000-g fraction. These divided into 2 groups, depending on whether the reciprocal increase in small GTPase protein abundances was in the 200,000-g supernatant (i.e., cytosol) or the 1,000-g pellet. Official gene symbols highlighted in yellow were previously identified by mass spectrometry as elements of AQP2-containing intracellular vesicles in rat inner medullary collecting duct cells (2) .
acid sequences in their COOH-terminal tails. Interestingly, members of two other clathrin adaptor complexes, AP-3 and AP-4, did not show coordinated shifts.
Distribution of protein kinases and their substrates among fractions. An important question in the physiology of the renal collecting duct is "What are the signaling pathways activated by vasopressin?" Previously, we carried out comprehensive phosphoproteomic studies to identify phosphorylation sites in mpkCCD proteins that change in response to vasopressin (4, 27) . The protein kinases and/or phosphatases responsible for these phosphorylation changes have not been identified. In the present study we identified 246 protein kinases among all fractions that, in theory, could be involved in vasopressin signaling (see Supplemental Data Set 2). This number is 47% of the 521 kinases encoded by the mouse genome. The protein kinases responsible for vasopressin-dependent phosphorylation in mpkCCD cells can be predicted through integration of multiple data types reflecting kinase specificities, kinase expression levels in mpkCCD cells, and the regulatory characteristics of individual kinases (6) . One factor that has not been taken into account is the subcellular localization of individual kinases, vis-à-vis the localization of their substrates. In theory, if a kinase and a potential substrate are not found in the same subcellular fraction(s), a functional interaction is less likely than if they are found in the same fractions. Here, we used the data set developed in this study to carry out this comparison (Figs. 7-10) . Figure 7 shows a heat-map presentation of the subcellular distributions of the 62 expressed basophilic kinases clustered together with all regulated basophilic targets from Rinschen et al. (27) . The protein kinases clustered into four distinct groups that define their likely domains of actions. The fourth cluster (Fig. 7, bottom) includes AQP2 as a substrate and 12 basophilic protein kinases. Figure 8 ranks the overlap between AQP2 localization and all basophilic kinases based on the dot products of their distributions among fractions (see Supplemental Data Set 3). The top-ranked kinases were calcium/calmodulindependent protein kinase II␦ (Camk2d) and AMP kinase-␣ 1 (Prkaa1), followed by microtubule affinity-regulating kinase 2 (Mark2), CDC42-binding protein kinase-␤ (CDC42bpb), Fig. 7 . Co-clustering of subcellular distributions of basophilic kinases (black) and potential substrates (red) reveals colocalized kinase-substrate pairs. Basophilic kinases listed are members of the AGC or CAMK protein kinase families found in this study to be expressed in mouse mpkCCD cells. Substrates listed are proteins with vasopressin-regulated phosphorylation sites from Rinschen et al. (27) that are present in motifs compatible with phosphorylation by a basophilic kinase. Clustering was by hierarchical clustering using R (Heatmap2 package) represented by the tree at left. three more calmodulin kinase II isoforms, protein kinase A catalytic-␣ (Prkaca), and protein kinase C (Prkci). These kinases, therefore, may be considered to be candidates for roles in phosphorylation of AQP2 at Ser 256 , Ser 264 , and Ser 269 , which have basophilic signatures. Figure 9 shows a heat-map representation of the distribution of expressed proline-directed kinases (CMGC family kinases) clustered together with all regulated proline-directed targets from Rinschen et al. (27) . All these phosphorylation sites have a proline in position ϩ1 relative to the phosphorylated amino acid. Ser 261 of AQP2 is one of these targets and, like most of the other proline-directed sites, undergoes decreased phosphorylation in response to vasopressin (14) . In Fig. 9 , AQP2 clustered with four proline-directed kinases. Figure 10 ranks the overlap between AQP2 localization and all proline-directed kinases on the basis of the dot product of their distributions among fractions (see Supplemental Data Set 4). The topranked kinases based on dot product were cyclin-dependent kinase 1 (Cdk1), ERK1 (Mapk3), and ERK2 (Mapk1). Prior studies have provided evidence for a role for ERK1/ERK2 (13) and/or Cdk1 (27, 36) in the phosphorylation of AQP2 at Ser 261 . However, many additional proline-directed kinases (MAP kinases and cyclin-dependent kinases) were also present in the 17,000-and 4,000-g membrane fractions, where most of the AQP2 is found (Fig. 9, top) . This includes several MAP kinases previously proposed to phosphorylate AQP2, JNK isoforms (Mapk8, Mapk9, and Mapk10) (27) , and p38 isoforms (Mapk11, Mapk12, Mapk13, and Mapk14) (23, 27) . Thus the protein kinase(s) responsible for phosphorylation of AQP2 at Ser 261 appears to be an unsettled question. Using Bayes' rule to rank protein kinases that may phosphorylate AQP2 in mpkCCD cells. Previously, using Bayes' rule, we integrated data from a variety of sources to identify the protein kinases in the rat renal inner medullary collecting duct (IMCD) that are most likely to phosphorylate AQP2 at Ser 256 (6) . This phosphorylation site is a "keystone" site that must be phosphorylated prior to vasopressin-stimulated phosphorylation of downstream sites at Ser 264 and Ser 269 (12) . The objective is to use data sets specific to mpkCCD cells to ascertain whether the top-ranked kinases match those of the rat IMCD. These data sets include 1) transcriptomic data, giving relative abundances of all expressed mRNAs (39), 2) proteomic data, providing lists of expressed proteins (18; present study), 3) substrate specificity data for kinase families (7), and 4) evidence from the literature for regulation of individual kinases by vasopressin (6, 31) . To this, we add the data from Distribution of protein kinases and their substrates among fractions, describing the degree by which each individual kinase overlaps the subcellular distribution of AQP2. We assume that if the overlap is greater between substrate and kinase, the probability of a functional interaction is greater. Figure 11 shows the ranking results for all 521 protein kinases in the mouse genome with regard to likelihood of phosphorylating Ser 256 of AQP2 (see Supplemental Data Set 5). The analysis resulted in the separation of a relatively small number of kinases from the entire population. Table 1 lists the 10 top-ranked kinases before and after the addition of colocalization data from the present study. The list for mpkCCD cells overlaps extensively with the list derived from investigations in rat native IMCD cells published by Bradford et al. (6) . Both contain products of calcium/calmodulin-dependent protein kinase II␤ and II␦ genes, protein kinase A␣ and A␤ genes, protein kinase C␦ and C genes, microtubule affinity-regulating kinase 2, and CDC42-binding protein kinase-␤. The coincidence of these kinases from the Bayes' rule-based analyses of independent data sets from mouse mpkCCD cells and from native rat IMCD cells creates a particularly strong argument in favor of their possible roles in regulation of AQP2 in the collecting duct. Thus the systems approach described sets up future reductionist experiments aimed at resolving the roles of each of these eight protein kinases in vasopressin signaling in the collecting duct, a much easier task than if all 521 protein kinases needed to be screened. Figure 12 and Table 2 show the results for a similar Bayesian analysis of what protein kinases might phosphorylate AQP2 at Ser 261 (see Supplemental Data Set 6). Again, the analysis narrowed the list to relatively few proline-directed kinases (Fig. 12) . The addition of colocalization data from the present study sharpened the separation of top-ranked kinases. ERK1 (Mapk3), ERK2 (Mapk1), and p38␣ (Mapk14) ranked highest (Fig. 12) , concordant with prior evidence (13, 23, 27) . These were followed by Cdk2, Cdk4, and Mapk13.
Conclusion
Systems biology provides a set of tools (e.g., protein mass spectrometry, deep sequencing of DNA, and computational methods) that allows all components of a biological system to be studied together in parallel to discover integrative function (19) . A prerequisite is the identification of all components of the system, which must be achieved before the components are linked into network models. The comprehensive proteomics data presented in the accompanying article, curated from 35 gigabytes of spectral data, bring us close to knowing the entire expressed proteome in mpkCCD cells and is expected to be a useful resource for study of the regulation of water and solute Fig. 9 . Co-clustering of subcellular distributions of proline-directed kinases (black) and potential substrates (red) reveals colocalized kinase-substrate pairs. Prolinedirected kinases listed are members of the CMGC protein kinase family that were found in this study to be expressed in mouse mpkCCD cells. Substrates listed are proteins in mouse mpkCCD cells with vasopressinregulated phosphorylation sites from Rinschen et al. (27) that are present in motifs compatible with phosphorylation by a proline-directed kinase, i.e., with a proline in position ϩ1 relative to the phosphorylated amino acid. Clustering was by hierarchical clustering using R (Heatmap2 package) represented by the tree at left. transport in the mammalian collecting duct. In the present study we exploited the data via bioinformatics analysis to address two questions pertinent to vasopressin signaling in the collecting duct: 1) "Does vasopressin trigger translocation of specific subpopulations of proteins between subcellular fractions in the mpkCCD cell?" and 2) "What protein kinases colocalize with the vasopressin-regulated water channel AQP2 in the renal collecting duct and, consequently, are candidates for mediating AQP2 phosphorylation?" Our answers to these questions, provide grist for further studies using systems biology approaches and classical reductionist approaches to understand how vasopressin regulates the function of collecting duct cells.
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